Scalp electroencephalography (EEG) has been established as a major component of the presurgical evaluation for epilepsy surgery. However, its ability to localize seizure onset zones (SOZ) has been significantly restricted by its low spatial resolution and indirect correlation with underlying brain activities. Here we report a novel non-invasive dynamic seizure imaging (DSI) approach based upon high-density EEG recordings. This novel approach was particularly designed to image the dynamic changes of ictal rhythmic discharges that evolve through time, space and frequency. This method was evaluated in a group of 8 epilepsy patients and results were rigorously validated using intracranial EEG (iEEG) (n = 3) and surgical outcome (n = 7). The DSI localized the ictal activity in concordance with surgically resected zones and ictal iEEG recordings in the cohort of patients. The present promising results support the ability to precisely and accurately image dynamic seizure activity from non-invasive measurements. The successful establishment of such a non-invasive seizure imaging modality for surgical evaluation will have a significant impact in the management of medically intractable epilepsy.
Introduction
Epilepsy is one of the most common neurologic disorders, affecting an estimated 50 million people worldwide. Antiepileptic drugs form the initial line of treatment for patients suffering from epileptic seizures and a majority of treated individuals will experience cessation or significant reductions in the frequency of seizures. While medical therapy is successful in many patients, a significant minority, some 30% of those suffering from epilepsy, will continue to have uncontrolled seizures despite optimal medical management. For this subset of refractory patients, surgical resection of the epileptogenic cortex is one of the remaining treatment modalities (Kuzniecky and Devinsky, 2007) .
For decades, scalp EEG has been considered one of the important diagnostic procedures to identify the SOZ that must be delineated in order to determine if the patient is a candidate for surgical resection. Scalp EEG has the advantages of non-invasiveness, low risks and low cost compared to intracranial EEG (iEEG), which is currently the gold standard for localizing seizure activity (Carmichael et al., 2010; Rosenow and Luders 2001) or the eloquent functional brain (Towle et al., 2008) . At the same time, scalp EEG shares the excellent temporal resolution of iEEG and is the only non-invasive tool capable of dynamically measuring the onset and generalization of seizure activity. Other imaging techniques with minimal invasiveness (Blumenfeld et al., 2009; Knowlton et al., 2008; Laufs and Duncan, 2007; Tyvaert et al., 2008; Vitikainen et al., 2009 ) such as single photon emission computerized tomography (SPECT) and functional magnetic resonance imaging (fMRI) have also been proved useful to assist in the delineation of epileptogenic brain. Yet their lack of temporal resolution restricts the ability to separate the primary seizure focus from propagation areas. Nevertheless, scalp EEG has yet to be considered a precise imaging tool for the identification of SOZ. Its localization ability is restricted by intrinsic limitations, including low spatial sampling rate (typically 19-32 electrodes rendering ~5 cm interelectrode distance) and indirect correlation with underlying neural generators due to volume conduction effect. Simple visual inspection of EEG waveforms, which is commonly used in clinical practice, remains inadequate for the precise delineation of the SOZ in the absence of structural abnormalities observed on anatomic imaging studies.
Recent technical development of source imaging techniques (Assaf and Ebersole, 1997; Plummer et al., 2008) suggest that the traditional visual interpretation of EEG waveforms does not take full advantage of the intrinsic linkage between scalp potentials and their underlying neural generators. Beyond the capability of scalp mapping, it has been shown that EEG recordings along with the assistance of source imaging techniques allow improved localization of scalp EEG events onto the underlying brain structures. Particularly, with the recent development of high-resolution recording techniques, such as densearray EEG (Holmes et al., 2010; Koessler et al., 2010; Lantz et al., 2003) and magnetoencephalography (MEG) (Baumgartner and Pataraia, 2006) , EEG/MEG source imaging techniques have been increasingly explored as a pre-surgical imaging tool for the identification of SOZ. But many of these EEG/MEG studies have focused on source imaging of interictal spikes and short epileptiform discharges (Knowlton et al., 2008; Knowlton et al., 2009; Lantz et al., 2003; Minassian et al., 1999) as opposed to ictal periods, although the precise correlation of the cortical distribution of these events with the clinical SOZ remains unclear (Marsh et al., 2010) . A reliable recording of seizure data, which requires prolonged monitoring of patients for 2 or more days and the development of methodologies to image dynamic ictal process, still remain as two principal challenges for seizure imaging.
In this context, the present study aimed to develop a high resolution seizure imaging protocol for potential application in presurgical planning of the epilepsy treatment. We proposed a 76-electrode EEG monitoring system. In a cohort of 8 patients, this densearray EEG system successfully recorded EEG over the course of 5.5 ± 3.2 days and was able to capture each clinical event (1-4 seizures per patient). We have also developed a novel DSI technique ( Fig. 1 ) that is particularly well-suited for spatiotemporal imaging of ictal rhythmic discharges. The DSI technique identified ictal activity in good correlation with iEEG and surgical outcomes. Such a seizure imaging tool characterizing high resolution in both time and space could significantly enhance pre-operative planning and have a major impact in the management of intractable epilepsy.
Materials and methods

Patients and data acquisition
We studied 8 adult patients (4 male, and 4 female, ages 40 ± 11.6) with medically intractable epilepsy requiring a resective surgery or subsequent exploration with iEEG. The study was approved by the Institutional Review Boards of the University of Minnesota (Minneapolis, MN) and Mayo Clinic (Rochester, MN) and all patients gave informed consent.
Each patient underwent pre-surgical evaluation, including a highresolution 3T or 1.5T MRI scan (n = 8), iEEG recording (n = 3), and SPECT scans (n = 1). In addition to the regular procedures, each patient underwent high-resolution video EEG monitoring (5.5 ± 3.2 days) using 76 individual electrodes glued over the scalp according to a 10-10 montage. The EEG recordings were referenced to CPz, passed through a 1-70 Hz band pass filter, and sampled at 500 Hz. Following the acquisition of the data, the recordings were visually reviewed and a total of 20 seizures (range 1-4 per patient) were identified. The seizure onset time of each seizure was marked by trained clinical epileptologists. Seven of the patients had surgical resection of the epileptogenic foci and all became seizure free during clinical follow-up 1 year post-operatively. All of these patients had an additional MRI scan 3-4 months postoperatively. The other patient (patient 4) underwent iEEG and SPECT scans as part of the presurgical evaluation. Detailed clinical information of the patients is summarized in Table  1 .
Data analysis and seizure source imaging
The DSI method aims to acquire dynamic imaging of ictal rhythmic activity. In order to do this, it is necessary that continuous synchronized rhythmic discharges be observed following the seizure onset. As such, of the 20 seizures recorded we discarded 3 due either to the presence of significant moving artifacts in a large number of electrodes or the absence of continuous rhythmic activity around seizure onset time. We segmented ictal epochs ~30 seconds before and following the seizure onsets of the other 17 seizures. The window length for each epoch was varied to avoid big moving artifact, and also to include a period of background signal before seizure onset and a period of highly synchronous seizure activity following the onset. The period of secondary generalization was not included. In each patient, ictal epochs presenting the same rhythmic discharges were concatenated.
The DSI procedure consists of: (1) disentanglement of seizure components from ictal EEG data, (2) localization of neural generators of seizure components, and (3) recombination of all the seizure components in 3-dimensional (3D) brain source space to form spatiotemporal imaging of the seizure activity. This method was designed particularly for the imaging of continuous rhythmic activity. The framework of the DSI method is illustrated in Fig. 1 .
In the EEG forward modeling, spatiotemporal EEG signal Y can be related with underlying brain activity S through a linear system: (1) where is an n×t signal matrix (n is the number of electrodes and t is the number of time points), is an m × t source matrix (m is the dimension of source space) and B is a n × t noise matrix. L is an n× m lead field matrix that can be calculated based on the boundary element method (BEM) (Fuchs et al., 1998; Hamalainen and Sarvas 1989; He et al., 1987) . In the BEM model, the head volume conductor was separated into three conductive layers, the brain, the skull and the skin with conductivity of 0.33 S/m, 0.0165 S/ m and 0.33 S/m, respectively (Lai et al., 2005; Oostendorp et al., 2002; Zhang et al., 2006) .
A 3D distributed source model was used to model the brain source distribution that consists of around ten thousand equivalent current dipoles with unconstrained orientations evenly positioned within the 3D brain volume. Standard electrode positions were used for the calculation.
Ictal EEG measures seizure rhythmic discharges that evolve through time, space and frequency (Nam et al., 2002; Patel et al., 2008) , superposed with measurement noise, moving artifacts and other background brain oscillations (Jung et al., 2000; Urrestarazu et al., 2004) . To analyze such complicated signal, independent component analysis (ICA) was used to decompose each ictal EEG into a series of temporally independent and spatially fixed components as follows (Delorme and Makeig, 2004) : (2) where N c is the number of ICs, Q i (ith column of the matrix Q n × NC )is the spatial map of the ith IC, T i (ith row of matrix T Nc × t ) is the time course of the ith IC, and W is a diagonal weighting matrix. Assuming N S out of the N c ICs are associated with seizure activities (details of component selection will be discussed later), the scalp measurement generated by ictal Ns conditions becomes Given the forward modeling of lead field matrix, spatiotemporal brain sources can be estimated from the EEG measurements by solving an inverse problem as follows (PascualMarqui et al., 1994) : (3) where L -1 is the inverse of lead field matrix. Substituting Eqs. (2) into (3), the spatiotemporal estimation can be rewritten as: (4) where is the source distribution of the ith IC, and is the linear combination of seizure components in the in source space, which can be seen as an inverse process of ICA. Here, we used a well adopted algorithm known as Low Resolution Electromagnetic Tomography (LORETA) (Pascual-Marqui et al., 1994) to estimate S i of each seizure component. However, other EEG/MEG spatial imaging algorithms such as minimum norm, weighted minimum norm, or fMRI-weighted minimum norm (Yang et al., 2010) can be easily incorporated by just changing the inverse operator L -1 . Given the reconstructed dynamic source signal Ŝ, spatial distribution at time instant t' can be reconstructed and visualized as: (5) While t' is the seizure onset time instant, the quantifies the source distribution of the SOZ. Similarly, the time-variant propagation of seizure activity over the prolonged ictal period can also be visualized during time window after the seizure onset.
Component selection
Seizure activities are characterized by abnormal synchrony of neuronal rhythmic discharges. Time-frequency evolution pattern of ictal rhythmic discharges is observable in raw EEG recordings and also in ICs related with ictal conditions (Nam et al., 2002; Patel et al., 2008) . As such, the time-frequency similarity between the two signals was used in this study for the selection of seizure components.
In each seizure recording, visual inspection was first performed to remove those ICs showing continuous activity or transit spikes (e.g., in IC time courses or spectrograms) not correlated with seizure conditions, such as the eye movement components which showed IC spatial maps with frontal eye activity (Jung et al., 2000; Urrestarazu et al., 2004) and moving artifactual components which showed strong power invariant across all the frequency bands and/or with spatial maps dominated by noise (Hansen 1990 ). The noise-deducted EEG was then reconstructed. We picked the electrodes identified by epileptologists that showed ictal rhythmic discharges and calculated the mean time-frequency representation (TFR) of EEG recorded by these electrodes (EEG-TFR) using short time Fourier transformation (sliding window size 500 time points, 50% overlapping). We then computed a TFR for each IC (including all the ICs derived from ICA). Correlations between each IC-TFR and EEG-TFR were calculated. Statistical significance of the correlation between EEG-TFR and each IC-TFR was quantified by a nonparametric statistical test technique using a surrogate method (Palus and Hoyer, 1998; Theiler et al., 1992) . In the test, surrogate datasets were created from EEG signal and each IC time course so that their mutual correlations were not preserved. For each IC, new correlations between EEG-TFRs and IC-TFRs were computed from surrogated datasets and a distribution of correlation values was obtained. From the distribution, statistical significance of an IC-EEG-correlation can be decided and we selected those components exceeding a threshold of p=0.1 as seizure components for further source analysis. The threshold of p value may change slightly for each patient. Visual inspections were used to assist the selection of seizure components. Other component selection methods such as clustering techniques can be readily incorporated into the framework of DSI for specific application of different studies.
Validation using iEEG and surgical outcomes
Given the estimated spatiotemporal source signal, the SOZ was defined as the source distribution at onset time instant. We first use the surgically resected region as a reference to quantitatively evaluate the performance of the SOZ localization. In each patient who underwent resective surgery followed by a post-operative MRI scan, we segmented the surgically resected zone from the post-operative MRI and coregistered the resected area to the pre-operative MRI. For each seizure, the spatial overlapping between the estimated SOZ (60% threshold as shown in all the figures) and the surgically resected zone was calculated.
We then used the receiver operating characteristic (ROC) curve (Grova et al., 2006) to quantify the consistency of the estimated SOZ source distribution with surgically resected zone. The ROC curve studies the trade-off between sensitivity and specificity of SOZ source detection at different thresholds ranging from 0 to 100%. The area under the ROC curve (AUC) is an index to assess the localization accuracy. A larger value of AUC in the range of [0,1] means better source detection ability. We lastly used localization error, which was calculated as the 3D distance between the maximal estimated point and the boundary of the surgically resected region, to assess the performance of SOZ localization. If the maximal point was localized within the resected zone, we defined the distance as 0 mm. For patient 4 who did not undergo surgery, SPECT foci identified through Subtraction Ictal SPECT (SISCOM) analysis were used to compare with the estimated SOZ and to evaluate the performance in terms of volume overlapping and localization error.
Intracranial depth electrodes, stripes and grids were implanted in patients 2-4. The iEEG recordings of these three patients were visually reviewed and the electrodes involved in the seizure onset were identified by epileptologists (see Table 1 for clinical information). The 3 patients all underwent CT scanning while the electrodes were implanted. The positions of the intracranial electrodes were determined from the CT images and co-registered to the preoperative MRI. The SOZs identified using iEEG were used to qualitatively evaluate the performance of the DSI method.
Imaging seizure activity by directly solving inverse problem instant by instant is a straightforward method to estimate the source distribution during ictal period (Holmes et al., 2010) . We thus perform source imaging using the LORETA algorithm at seizure onset time of raw EEG. The performance of SOZ localization was evaluated and compared with the DSI method using three measures: volume overlapping, AUC value and localization error as described above. Because of the low signal-to-noise ratio (SNR) of the raw EEG signal at the seizure onset, LORETA may achieve better source localization when more brain tissue is involved after the onset of seizure. As such, we performed LORETA source imaging on a segment of the raw EEG signal 50 ms before and following the seizure onset. For each seizure, the best source localization within the 100 ms window was used to assess the performance of source localization.
Results
Spatial and temporal representations of ictal rhythms
Using ICA and component selection, multiple ICs can be identified from each seizure to represent ictal activity. 1 Patient presented with frontal lobe epilepsy. Using ICA, two components were identified from one seizure (Fig. 2a) showing increased neural synchrony initiated with fast rhythmic activity at the seizure onset that later progressed to an alpha frequency discharge. This time-frequency evolution pattern of the ictal rhythmic discharges can be visualized in both IC time courses and their TFRs, and was consistent with independent observation reported by clinical epileptologists. The scalp map showed left frontal focus of the seizure components with some spread to the temporal lobe in the 2nd component. The three seizures recorded in this patient presented similar EEG rhythmic discharges. One example component identified from another seizure of the patient (Fig. 2b) showed similar rhythmic discharges at the seizure onset. Its scalp map further localized this seizure component to the left frontal electrodes.
Patients 2-8 all presented with temporal lobe foci in the left or right hemispheres. In each of the 14 seizures analyzed in these 7 patients, multiple ICs were identified as seizure components (seeFig. 2c for an IC example in each patient). Three patterns of ictal rhythmic discharges were observed from IC time courses and TFRs. At seizure onset, one pattern (patients 2, 3 and 5) showed initial delta frequency discharges that later progressed to theta frequency, another pattern (patients 6, 7 and 8) showed initial theta discharges, and the third pattern (patient 4) presented alpha discharges.
Dynamic spatiotemporal imaging and SOZ localization
The SOZ of patient 1 was reconstructed in a 3D brain model (Fig. 3a, 60% threshold, yellow to orange color bar). A surgical excision was performed from the anterior left frontal lobe of this patient. Upon visual inspection, a significant portion of the estimated SOZ was localized to the epileptogenic focus resected in the left frontal lobe (Fig. 3a, green voxels) . Quantitatively, the brain voxel with maximal estimated source power was located within the surgically resected zone. The patient was rendered seizure free following surgery, which suggests that the estimated SOZ was co-localized with the epileptogenic zone removed in the surgery.
The SOZs of the other 7 patients (patients 2-8) were localized using DSI to the left or right temporal lobe. Among these patients, three (patients 2-4) were implanted with intracranial electrodes (Figs. 3b-d, spherical dots) . Independent visual interpretation of the iEEG reported by clinical epileptologists (Table 1) identified seizure onsets in the temporal lobe electrodes (Figs. 3b-d, red dots) . It can be observed that the DSI localization in the three patients (Figs. 3b-d) was consistent with or in adjacent to the clinical gold standard iEEG. Among the 7 patients, six (patients 2, 3, 5-8) underwent resective surgery and were rendered seizure-free after 1 year follow-up. In each of the 13 seizures analyzed in this group, significant overlap was observed between the estimated SOZ and surgical resected volume. The maximal estimated points were localized within the resected regions in 11/13 seizures, and within 10 mm distance to the margins of resected regions in the remaining 2/13 seizures. Patient 4, who did not undergo resective surgery, had SPECT scans as part of the presurgical evaluation. SISCOM analysis suggested several adjacent foci of ictal hyperperfusion in the right temporal lobe (Fig. 3d, green voxels) , which may also serve as an evidence of right temporal lobe seizure. The DSI analysis in this patient returned right temporal foci at seizure onset, which was co-localized with iEEG results (Fig. 3d) and had a 10.9-mm distance to the boundary of SPECT foci. The SOZs localized using DSI of all the 17 seizures were summarized in Fig. 6 . In the majority of the seizures, the estimated SOZs are located within the epileptogenic lobe, whereas in the seizure of patient 7 and the seizure 2 of patient 6, small areas of activation were seen outside of the epileptogenic lobe, which were false positives of source detection.
In all the 17 seizures analyzed, the DSI method achieved colocalization in 14 seizures and 0.99±0.16-cm localization error in the remaining 3 seizures. Estimation of two seizures showed false positive outside the epileptogenic lobe. The performance of this approach achieved better results than directly applying source imaging of the raw EEG data instantby-instant, which had 2.8 ±0.98-cm localization error. While DSI estimated distributed source activity, volume overlap may be a better measure to evaluate the performance of imaging the location and extent of SOZ. At a 60% threshold, the DSI identified SOZs with significantly higher volume overlap with the resected zones or SPECT imaging (Fig. 4a) . We further assessed the localization accuracy through the ROC curve (Grova et al., 2006) . The AUC measure (Grova et al., 2006) (Fig. 4b ) was used as an index to evaluate the localization accuracy, which suggested that the DSI reconstructed the source distribution at seizure onset with greater precision.
In addition to determining the SOZ, DSI reconstructs propagated activity after seizure onset. Shown in Fig. 5 , from the estimated spatiotemporal source activity Ŝ(t), time-varying source power in each brain voxel was calculated as the spectral power within the predominant frequency band of ictal rhythm during a 1-s time window. The source power distribution over the ictal period suggested the propagation of seizure activity from a focal location to extended regions ipsilaterally or contralaterally. As the source power was calculated in a short time window, some spread of the source distribution to adjacent cortex, such as the area of activation in frontal cortex of patient 3 and 7, was observed in early instants (Fig. 5) . Also, source time-frequency features can be reconstructed in the 3D source space. Fig. 3 (right panels) displays TFRs of the SOZ tissue and shows the time-frequency features of each seizure. Although we use 1-s time window here, movies of seizure source activity can be shown in a much finer time scale.
Discussion
In this study, we have developed a high-resolution EEG monitoring and dynamic source imaging approach for the pre-surgical localization of seizure onset zones and seizure propagation patterns in epilepsy patients. We tested the method in a cohort of 8 patients, imaging the ictal rhythmic activity in good correlation with other clinical imaging or diagnostic evidence. The results demonstrated the feasibility and usefulness of a novel 76-channel EEG ictal recording and DSI procedure, which could represent a significant advancement for non-invasive pre-surgical planning of patients with epilepsy.
High-resolution ictal recording
Over the past thirty years, numerous studies have been conducted to support an advanced high-resolution form of non-invasive electromagnetic recording (e.g. dense-array EEG (Gevins, 1993) and MEG (Hämäläinen et al., 1993) ). Theoretical and experimental studies suggested recordings from approximately 100 scalp sites for a good spatial sampling rate and a stable spatial representation (Spitzer et al., 1989; Srinivasan et al., 1996) . In the clinical realm, while standard EEG monitoring still uses conventional 19-to-32-electrode montages, recent adoption of high-resolution EEG/MEG for the pre-surgical localization of partial epilepsy has increased in popularity. One EEG study (Lantz et al., 2003) revealed in a case of inter-ictal discharges that the localization accuracy can be significantly improved by increasing the number of EEG electrodes from 31 to 63, yet only slightly improved by increasing the number from 63 to 123. Studies conducted in various epilepsy centers have produced good source detection rates in a number of patients (Assaf et al., 2004; Baumgartner and Pataraia, 2006; Knowlton et al., 2008; Pataraia et al., 2004; Stefan et al., 2003; Wheless et al., 1999; Michel et al., 2004; Holmes et al., 2010) . According to these previous studies, increasing the channel number to 76, as in our study, significantly provides more spatial detail for the localization of epileptic sources. Most of the clinical application of high-resolution EEG and MEG has been restricted to imaging of inter-ictal spikes. Studies have demonstrated good correlation between sources of inter-ictal spike and epileptogenic regions (Michel et al., 2004; Knowlton et al., 2008) . Intracranial studies further suggested that the onset of inter-ictal spike localizes the seizure onset zone better than the peak of spikes when propagation happens (Ray et al., 2007) . However, it is also well known that the irritative zone defined by inter-ictal spikes does not reliably determine the minimum region of brain tissue that must be resected in order to render the patient seizure free (Marsh et al., 2010) . The availability of reliable seizure imaging would provide highly desirable information with regard to the underlying seizure sources which would directly define the SOZ that must be resected.
One technical limitation of seizure imaging lies in the recording environment where the patients are required to stay motionless in order to obtain high-quality signals. This is especially true for MEG recordings. Such a requirement adds a level of difficulty for prolonged clinical monitoring which ordinarily lasts for 2-3 days or longer in patients with infrequent seizures. In our study, the clinical data presented was recorded over 5.5 ±3.2 days allowing for the acquisition of 1-4 seizures per patient. The 76-channel montage successfully captured each clinic event in the examined cohort of patients, producing a yield rate of 100%. The increased implementation time could be a potential disadvantage of highdensity EEG. However, it only required an average of 60 min to mount the 76 electrodes by two experienced medical staff, compared to 30 min using a standard 32-channel clinical EEG. Recent studies have reported a fast-capping EEG technique for which the preparation time can be as short as 15 min (Holmes et al., 2010) . Such a technique however is limited by relatively shorter recording time due to the fact that patients usually cannot comfortably wear the device for more than 2 to 3 days (Holmes et al., 2010) . The 76-channel recording protocol, on the other hand, was identical with the conventional clinical EEG whose feasibility of long-term monitoring has been demonstrated over several decades' worth of clinical practice. The 76-channel EEG can be a feasible clinical EEG monitoring tool, which requires minimal increase of costs (e.g., preparation time, additional electrodes, and additional amplifiers) but provides significantly improved spatial resolution for the localization of the SOZ.
Dynamic imaging of seizure activity
Another difficulty for seizure imaging lies in the development of methodologies to reconstruct dynamic ictal rhythmic discharges from continuous EEG data. Fitting single or multiple dipoles in the time domain or in the frequency domain (Assaf and Ebersole 1997; Assaf et al., 2003; Boon et al., 2002; Eliashiv et al., 2002; Merlet and Gotman, 2001; Lantz et al., 1999) of the early activation of ictal rhythms has been demonstrated as useful in providing sublobar prediction of seizure origin in temporal lobe seizures and extra-temporal lobe seizures. Such methods need prior information such as the number of dipoles or the positions of dipoles which cannot be easily gained from EEG signal alone. Sub-space scanning methods, such as MUSIC (Mosher et al., 1992; Beniczky et al., 2006) and FINE (Ding et al., 2007) also provide the ability to reconstruct temporal dynamics of seizure sources, and, in conjunction with connectivity analysis, were able to discriminate the seizure onset and propagation (Ding et al., 2007) . In these situations, however, the limited number of equivalent dipoles (as discrete sources) may not be an appropriate representation of the distributed brain activity involved in seizures. Assuming a distributed nature of seizure activity, a straightforward method entails conducting source imaging instant by instant to find neural generators responsible for each millisecond or for each short time window (Holmes et al., 2010; Worrell et al., 2000) . Due to the significant amount of information in ictal EEG, such a process may require solving thousands of inverse problems in order to achieve several-second-long source imaging. Also, noise and artifactual signals at the time of seizure onset adds a level of complexity for the disentanglement of seizure source (Jung et al., 2000; Urrestarazu et al., 2004; Worrell et al., 2000) . A previous study (Lantz, et al., 2001 ) improved the analysis of ictal EEG by segmenting ictal period into "microstates" and localized the seizure onset by searching for dominant "microstates" during the early phase. Such a method provides a way to decrease the complexity of seizure data. In the present study, our method offers a quantitative means to identify and image seizure sources in a highly efficient way.
In the present study, we developed a dynamic source imaging technique that is particularly suited for imaging of oscillatory activity such as seizure expanding from several seconds to several minutes. This dynamic spatiotemporal imaging approach is achieved by a decomposition-recombination process, where the decomposition was taken in the sensor space and the recombination is taken in the source space. By using such a process, regardless of the length of continuous seizure data, only a limited number (equal to the number of selected seizure components) of inverse problems are needed to be solved. Additionally, the separation of ictal components from artifacts, noise and other background brain oscillations largely enhances the source analysis. This approach can be also seen as a time-space-separated process. The data-driven ICA analysis decomposes the signal into several spatially fixed but temporally dynamic components. In the time domain, the timefrequency evolution represented in the time course assisted the selection of the seizure components. This step of component selection allows for the extraction and imaging of certain rhythmic modulation (e.g., delta rhythm that later progressed to theta rhythm presented in a large portion of our patients), and thus is well suited to study the time-varying ictal rhythmic activity.
Epilepsy patients with partial seizure may develop secondary generalization, during which complicated activity and propagation can be involved. Recent evidence of SPECT recording (Blumenfeld et al., 2009 ) and intracranial recording (Schindler et al., 2007) suggests that "generalized" seizures may not be truly generalized but affect certain cortical and subcortical structures. The investigation of these brain structures involved in generalized seizure may help to develop improved treatment for this most dangerous seizure type. In the present study, three patients presented seizures with secondary generalization after a period of focal features. The period of generalization was not included for the analysis because the seizure onset and early activation are of most clinical importance for the treatment of partial epilepsy. But the propagation pattern of generalized seizure would be of importance for our future investigation.
Localization of seizure onset zone
The diagnostic practice of EEG in epilepsy treatment has remained relatively unchanged for the past several decades (Gevins 1993; Kuzniecky and Devinsky 2007; Rosenow and Luders, 2001) . Visual interpretation of EEG waveforms provided a coarse approximation of the SOZ, whereas a more precise localization is determined by iEEG or the presence of an epileptogenic MRI lesion. The DSI results indicate that the SOZs can be successfully localized by high-resolution EEG imaging in a cohort of 8 patients. We analyzed 17 seizures, 3 with frontal lobe focus and the remaining 14 with temporal lobe focus. In each of the 17 seizures, the location and extension of the estimated SOZ is in good correlation with the epileptogenic zone resected in surgery or defined by iEEG/SPECT imaging methods. The maximal localization error we derived was less than 11 mm. In the majority of the seizures analyzed, the estimated SOZs are located within or proximal to the epileptogenic lobe, whereas in the other two seizures small areas of activation were seen outside of the epileptogenic lobe. These false positive areas of activation outside of the epileptogenic brain could represent a secondary source, which was activated very early in the ictal process, but was not a primary source that initiated the seizure activity (Ding et al., 2007; Franaszczuk et al., 1994) . For example, patient 6, though seizure free still experienced intermittent auras following the resective surgery. This ILAE-2 outcome according to International League Against Epilepsy (ILAE) suggested that it is possible some parts of the brain (e.g., false positives imaged using EEG in SZ2 of this patient) other than the resected region may be still capable of generating seizure-like activity. Also, this false positive can be explained by the rapid spread of the seizure activity that, when detected by EEG, has already been propagated.
As has been tested in the patient cohort presented here, our results suggest that beyond the traditional role of scalp EEG in epilepsy treatment, high-resolution EEG can be used as a pre-surgical imaging tool which provides additional information about the precise location and extent of the SOZ. Currently, iEEG still remains the golden standard for determining the SOZ. However, it is also true that iEEG brings added costs and risks to the management of epilepsy. iEEG grids or electrodes are only positioned at the most suspicious regions, which are decided by prior knowledge gained from scalp EEG or other clinical information. In our study, high-resolution EEG in conjunction with DSI, which is less expensive and contains far less risk to the patient, showed promise for assisting in the placement of iEEG electrodes or potentially mitigate or supplant the use of invasive EEG recordings in situations where SOZ localization is ambiguous through conventional clinical methods. In patients with evidence of a lesion on pre-operative MRI, the high-resolution EEG imaging can also be a useful tool to improve lesion detection, and therefore enhances the successful rate of epilepsy surgery.
Although the analysis in this study is based on 76-channel EEG recording, the DSI method can be also used to analyze low-density EEG data, or other dense-array EEG data (e.g., 128-channel fast-capping EEG system), or continuous MEG data. While the DSI technique was validated in epilepsy patients in the present study, the imaging principle and algorithm of DSI may be used to image rhythmic activity of healthy or diseased brains. Schematic diagram depicting the non-invasive spatio-temporal seizure source imaging approach. We proposed prolonged 76-electrode video EEG monitoring. We further developed a spatiotemporal seizure imaging technique DSI based on a three-step procedure:
(1) blind source separation and time-space separation in the sensor space; (2) source analysis performed separately in time and space domains; and (3) source re-combination and time-space re-combination in the source domain. The reconstructed seizure activities were compared to other clinical evidence, including surgically resected regions, iEEG recording, SPECT, and successful surgical outcome. Seizure onset zones (SOZs) and the source TFRs estimated from a typical seizure in each of the patient 1-4. (a-d) The estimated SOZ (left and middle panels, 60% threshold, yellow to orange colorbar) is co-localized with surgically resected zones (shown in green) in patients 1-3, and SPECT foci (green) in patient 4. The TFR (right panels) shows the time-frequency evolution at the maximal estimated SOZ point. Intracranial electrodes were implanted in patient 2-4 (c-d, spherical dots). Epileptologists identified that seizures were initiated in (c) right temporal depth electrode (RTD) #1-3 (red spherical dots) in patient 2; (d) left anterior depth electrode (LAD) #1-3 (red spherical dots), left posterior depth electrode (LPD) #1-3 (red spherical dots), and left anterior temporal strip (LAT) #1-2 (red spherical dots) in patient 3; and (e) right inferior temporal strip (RIT) #2-7 (red spherical dots), and right midtemporal strip (RMT) #2-7 (red spherical dots) in right temporal onset seizures in patient 4. Other grids/strips/depth electrodes not identified by epileptologists as SOZ were not shown in the figures. Time-varying source power distribution in one seizure of each patient. We displayed the spectral power distribution within the predominant frequency band of ictal rhythm calculated using 1-s sliding window. SOZs reconstructed from all the 17 seizures in the 8 patients. The estimated SOZs (60% threshold, yellow to orange color bar) were displayed with surgical resected zones or SPECT foci (green) and SOZ identified using iEEG (red dots). 
